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ABSTRACT 
Carbon Dioxide (C02 ) corrosion is one the most studied fonn of corrosion in oil and 
gas industry. Carbon is preferred material of construction for offshore pipelines due to 
economy, availability and strength but this material are not corrosion resistant. As 
such the use of carbon steel is usually implemented with the corrosion control such as 
corrosion allowance, corrosion inhibitor and coating. Since corrosion involves 
interaction between metal surface and the environment, surface alteration by surface 
hardening method such as nitriding could protect the metal from corrosion. The 
objective of the project is to study the performance of different nitrided carbon steel 
based on 450°C, 480°C and 520°C in C02 environment. The corrosion rates of the 
nitrided samples were investigated at pH 3 and pH 4 by linear polarization resistance 
and electrochemical impedance spectroscopy. At ph 4, corrosion rate of sample 
nitrided at 450°C and 480°C decreases by 30%. However the corrosion rate increases 
by 50% for sample nitrided at 520°C. This may be due to the poor surface 
preparation of the sample and uneven nitride layer fails to protect the sample. At pH 
3, the corrosion rates of nitrided samples at 480°C and 520°C were higher than 
untreated sample by 3% for sample nitrided at 480°C and by 70% for sample nitrided 
at 520°C. For the sample nitrided at 450°C, the corrosion rate was similar as the 
untreated sample. The slight decrease and increase in the corrosion rate at pH 3 
indicate that the presence of nitriding layer was detrimental. This negative effect can 
be linked to porous nitriding layer that lead to galvanic coupling between the nitriding 
layer and bare metal. Further studies need to be conducted to confirm this possibility. 
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1.1 Project Background 
Carbon Dioxide (C02 ) corrosion of carbon steel material is one the most studied 
form of corrosion in oil and gas industry. This is due to the fact that the crude oil 
and natural gas from the oil reservoir and gas well usually contains some level 
of C02 . The major concern with C02 corrosion in oil and gas industry is that C02 
corrosion can cause failure on the equipment especially the main down hole 
tubing and transmission pipelines and thus can disrupt the oil and gas production. 
This can result in great economic loss and catastrophic accidents. Leakage of the 
crude oil can cause fire accident, environmental pollution and water resource. C02 
may be the only corrosive species present in the environment (sweet service) or a 
combination of C02 and H2 S may be present in the well stream. 
In the design stage, the continuity of the service is evaluated and material 
selection is done based on the predicted corrosion rate. Carbon and low alloy steel 
are preferred material of construction due to economy, availability and strength 
but this material cause high corrosion rate. When corrosion is high, corrosion 
resistance alloy (CRA) must be used but the cost is prohibitive. In any case that 
carbon steel is selected, the corrosion control can be implemented by corrosion 
allowance, corrosion inhibitor and coating. Since corrosion reaction is an 
interaction between the steel surface and environment, surface alteration like 
nitriding can be used as corrosion mitigation method. Nitriding is a thermo 
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chemical treatment that allows the diffusion of nitrogen to form nitride layer on 
the surface to improve the corrosion resistance of carbon steel 
From open literature, there are limited studies done on the performance of 
nitrided carbon steel in C02 corrosion. This method is recommended because it is 
economically affordable and environmentally harmless. 
1.2 Problem Statement 
The altering of steel surface by nitriding could reduce corrosion by providing a 
barrier, isolating steel surface and C02 environment. However the performance of 
nitrided carbon steel in C 0 2 environment in not known. In order to perform the 
nitriding treatment, certain parameters need to be considered to ensure successful 
nitriding. The parameters that need to be controlled during nitriding are 
temperature, gas composition and duration of experiment. These parameters will 
influence the properties of layers produced on the surface. Therefore in the present 
work, C02 corrosion properties of gas nitride layers are evaluated in the context 
of gas nitriding condition (temperature). 
1.3 Objectives and Scope of Studies 
The objective of this project is to study the effect of various nitriding layers in 
C02 environment. 
• To determine the performance of different nitriding layers produced at 
three different temperatures which are 450°C, 480°C and 520°C. The other 
parameters, gas composition and duration of experiment are set constant. 
• To study corroswn protection m~chanism by nitriding. The nitriding 
treatment produce barrier which protects the steel surface from the C 0 2 
environment. Efficiency of this method will be proven by potentiodynamic 





David (2003) mentioned that nitriding is a heat treating process that alloys 
nitrogen onto the surface of a metal to create a case hardened surface. The unique 
advantages of the nitiding process were recognized by the Gennans in 1920s. It 
was used in applications that required; high torque, high wear resistance, abrasive 
wear resistance, corrosion resistance and high compressive strength. According to 
Mouri (2001), corrosion resistance of such modified structures has not been 
studied to great extent. Jolanta (2006) said that nitriding treatment is an effective 
surface hardening treatment increasing the wear resistance and hardness of steels. 
According to him also, since it was found that low temperature nitriding (below 
500'C), produce corrosion resistance layer, a lot of research were done in this 
field. Whilst it is possible to nitride many steels grades but high hardness is only 
obtained when using special nitriding alloys containing alnminium, chromium, 
molybdenum or vanadium. Ashrafizadeh (2003) said these elements form hard 
and stable nitrides as soon as they come into contact with nitrogen atoms at 
surface of the workpiece. 
Several factors helped nitriding gain acceptance: 
• Compared to other case hardening methods, nitriding is a relatively low 
temperature process. 
• Nitriding is relatively easy to control in terms of process parameters 
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• It produces enhanced corrosion resistance in low-alloy and low-carbon 
steels 
• Core hardness 1s not significantly affected, due to preheating and 
tempering 
• No quenching is required, thus reducing distortion. 
There are three main methods for nitriding are: 
• Gas Nitriding: The ammonia with contact of heated work p1ece 
disassociate into nitrogen and hydrogen where the nitrogen will diffuse 
into the surface of the material. 
• Salt Bath Nitriding: A nitrogen containing salt like cyanide salt will be 
used to donate carbon to the workpiece surface making salt bath as a 
nitrocarburising process 
• Plasma Nitriding: Intense electric fields are used to generate ionized 
molecules of the gas around the surface to be nitrided. 
2.2 Gas Nitriding 
David (2003) mentioned that gas nitriding is surface hardening heat treatment 
where nitrogen is introduced into the surface of a solid ferrous alloy at a 
temperature range in contact with nitrogenous gas, usually ammonia. He also 
mentioned that the nitriding temperature for all steels are 495-565'C ranging up to 
90 hours, involved the diffusion of nitrogen into the surface to produce layer of 
hard alloy-nitrides. Unlike the high-temperature case-hardening treatments like 
carburizing, nitriding of steels with low temperature produce less distortion and 
deformation than either carburizing or conventional hardening. Due to the long 
process times, increased material and treatment cost, and lack of sufficient control 
of the process, gas nitriding has never been developed to its full potential. 
The compound layer of plain carbon steel is always thicker compared with alloy 
steels containing nitride formed with alloying elements because nitride forming 
elements contain more nitrogen than those formed with iron. After gas nitriding, 
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the result reveals that the compound layer contain both y and s phases with some 
iron oxide. 
The following reaction will happen at the gas-solid interface during nitriding: 
The rest if atomic nitrogen will form molecular nitrogen which is inert. The life of 
atomic nitrogen is very short so the supply of ammonia must be continuous. This 
is done to ensure atomic nitrogen produced through the dissociation available to 
the whole part to be nitride. It is important to maintain the predetermined rate of 
dissociation of ammonia as it influences the mechanical properties of the treated 
components. 
2.3 Effects of different Parameters on Nitriding 
Formation and thickness of the nitride layer is influence by: 
a) Time 
b) Temperature 
c) Gas composition 
2.3.1 Temperature 
Jolanta (2003) mentioned that, sample that was treated above soo·c, chromium 
nitrides can be seen, and their quantity increases with the increase of temperature 
and ammonia content in the atmosphere. He also stated that nitrogen content in the 
layers depends much more on the atmosphere composition than the temperature. It 
corresponds to the shifts in diffraction peaks in the direction of the lower angles 
on the diffraction patterns. 
But Basu (2008) in his paper stated that nitride volume fraction increases with 
nitriding temperature. Nitride volume fraction was also found to increase with 
increase in nitriding temperature. While in the as received sample shows only a-
Fe peak, XRD patterns of plasma nitrided samples record number of peaks due to 
different nitrides. It can be noted that relative intensity of F exN peaks increase 
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with increase of temperature indicating an increase in volume fraction of the 
nitride phases. It can be observed that nitrides form very fine and uniformly 
distributed on the surface of the treated steel. 
2.3.2 Time 
Basu (2008) also stated that relative intensity of F exN peaks increase with 
increase of nitriding time indicating an increase in volume fraction of the nitride 
phases. Nitride volume fraction was also found to increase with increase in 
nitriding time. Comparison between the sample treated for 5 hours and sample 
treated at 1 hour shows different nitride volume fraction. In another research, 
Bouanis (2008) found that the inhibiting power of plasma nitrided increases with 
time of plasma treatment and attains a maximum value after 24 hours. 
1110 
G~------~------~----------------~100 l 
Nitr.id ing time (b) 
Figure 2.1: Variation of amount of nitrides with nitriding time for nitriding 
at different temperature by Basu (2008) 
2.3.4 Gas composition 
Jolanta (2006) mentioned that nitrogen content in the layers depend much more on 
the atmosphere composition. A very high nitrogen content level in the layers 
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nitrided in pure ammonia is responsible for very high internal stresses in the 
layers, which produce characteristics relief and damage on the surface. After 
nitriding in an atmosphere with lower ammonia content the surface remains 
smooth and without defects. The internal stresses could produce cracks in the 
layer. This particularly visible in the treatment temperature higher than 500"C. 
Bouanis (201 0) also stated in his paper that 75% Nzl 25% Hz nitrided C38 
exhibits a more pronounced affect than those of 25% Nz/ 75% Hz and pure Nz 
nitrided C38 substrates. 
2.4 Effects of nitriding parameters on corrosion rate 
2.4.1 Temperature 
Jolanta (2006) results reveal that for all the samples the potential decreased with 
the temperature of the treatment, but this decrease correspond to the quantity of 
nitrided in the layers. According to him, all the nitrided layers exhibit better 
corrosion resistance (except those nitrided at 575"C in 100% ammonia) than 
untreated sample. Also, the corrosion currents are much lower than those observed 
for non treated samples. Surface of the corroded sample at high treatment 
temperatures could be seen that corrosion attack was particularly strong in the 
damage. When the sample in contact with the solution, very rapid corrosion can 
take place. For the sample nitrided at 400 C, only little damage on the surfaces 
was found. The layer was not affected by corrosion test. 
, 








Figure 1.2: Variation of E carr and corrosion rate with nitriding time at 
different temperatures by Jolanta (2006) 
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Basu·s (2008) result shows that with increasing in mtridmg temperature, the 
corrosion potential (Ecorr) increases, \vhercas the corrosion current density Ucorr) 
and corrosiOn rate decreases and resistance to polari:zatwn (Rp) increases which 
means nitndmg can increase the corrosion resistance. The corrosion phenomena 
can be attributed to the presence of a dense nitnde layer on the surface. As nitride 
is a noble phase, fom1ation of more nitride helps to cover the surface from 
COITosion attack and for this reason with increase in nitnding time or temperature 
corrosiOn resistance Improve. Earlier Ensmger (1992) compared the 
microstructure and corrosion resistance of nitnded steels subjected to different 
surface engmeering techniques and concludes that a dense nitrided layer 
irrespective of type of nitrides would always enhance corrosion resistance of steel. 
Figure 2.3: Post corrosion SEM pictures (a) as received (b) nitride 
by Basu (2008) 
2.4.2. Gas composition 
Jolanta (2006) investigation shows that intemal compressive stresses generated in 
the layers are mainly the result of high ammonia content. As a result of very high 
stress may fonn cracks on the layer. For the sample mtrided at low ammonia 
atmosphere, only small inter granular changes were observed after the tests. 
2.4.3. Time 
Bouanis (20 l 0) says that plasma nitnding mcreases Impedance of nitrided steel 
with time of plasma treatment and the maximum of Impedance recorded for the 
longest tested time of plasma nitriding. Inspection of the results shows that the Ret 
values obtamed for nitrided samples generally increase with the processing time. 
The efficiency (E %) increases for all nitridmg and the highest efficiency is 
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achieved for the longest time of treatment. The decrease of capacitance values 
also related to longer treatment time. This enhancement caused by the formation 
of nitrided phases on the steel surface. 
In another paper, Bouanis (2009) proves that the nitriding treatment decreases 
I carr significant! y with the increase of treatment time. The decrease in I carr 
indicates that the incorporation of nitrogen in the steel surface, which can be form 
after nitriding can significantly improve corrosion characteristics. In addition, the 
nitriding treatment modifies the value of be showing that the steel surface is 
modified after nitriding treatment. 
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Figure 2.2: Nyquist Diagram of untreated and nitrided steel after various 
treatment time 
2.5 C02 Mechanism 
The problem of C02 corros1on has been long recognized and has prompted 
extensive studies. Kermani (1997) mentioned that dry C02 gas is not itself 
corrosive at the temperatures encountered within oil and gas system, but is so 
when dissolved in an aqueous phase through which it can promote an 
electrochemical reaction between steel and the contacting aqueous phase. Various 
mechanisms have been postulated for the corrosion process but all involve either 
carbonic acid or the bicarbonate ion formed on dissolution of C02 in water. The 
overall reaction is: 
H2 C03 + H20 +Fe -7 FeC03 (iron carbonate)+ H2 
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Das (2004) mentioned that aqueous C02 corroswn of carbon steel is an 
electrochemical process involving the anodic and cathodic evolution of hydrogen. 
The overall reaction is: 
The electrochemical reactions are often accompanied by the formation of films of 
solid FeC03 , which can be protective or non protective depending on the 
condition under which they are formed. One of the most important individual 
reactions is the anodic dissolution of iron: 
Fe= Fe 2+ + 2e+ 
It is believed that the presence of C02 increases the rate of corrosion of mild steel 
in aqueous solution by increasing the rate of the hydrogen reaction. The presence 
of H2 C03 enables hydrogen evolution at a higher rate even when pH increases. 
Thus at a given pH as the partial pressure of C02 increases, the solubility of C02 
in the solution increases which lead to increase in the corrosion rate. 
2.6 Linear Polarization Resistance 
Electrical conductivity (the reciprocal of resistance) of a fluid can be related 
to its corrosiveness. A two or three electrode probe is inserted into the 
process system, with the electrodes being electrically isolated from each other 
and the process line. A small potential in the range of 20mV (which does not 
affect the natural corrosion process), is applied between the elements and the 
resulting current is measured. The polarization resistance is the ratio of the 
applied potential and the resulting current level. The measured resistance is 
inversely related to the corrosion rafe. The electrical resistance of any conductor 
is given by: 
V=IR 
R = Effective instantaneous resistance 
V = Applied voltage 
I = Instantaneous current between electrodes 
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If the electrodes are corroding at a high rate with the metal ions passing easily into 
solution, a small potential applied between the electrodes will produce a high 
current, and therefore a low polarization resistance" This corresponds to a high 
corrosion rate" 
In the Nace Resource Center (2011) mentioned that with this widely used 
technique in corrosion monitoring, the polarization resistance of a material is 
defined as the slope of the potential-current density (DE/Di) curve at the free 
corrosion potential, yielding the polarization resistance Rp that can be related (for 
reactions under activation control) to the corrosion current by the Stem-
Geary equation: (reference) 
R = __!}_ = (AE) p ' "A ') leorr (nl AE--'>0 
• Rp is the polarization resistance 
• icorT the corrosion current 
• The proportionality constant , B, 
2.7 Electrochemical Impedance Spectroscopy 
Electrochemical impedance theory is a well-developed branch of alternation 
current theory that describes the response of a circuit to an alternating current or 
voltage as a function of frequency. In de theory (a special case of ac theory where 
the frequency equals 0 Hz) resistance is defined by Ohm's Law: 
E=IR (1) 
·Using Ohm's law, you can apply a de potential (E1 to a circuit, measure the 
resulting current and compute the resistance (R).Potential values are measured in 
volts (V), current in amperes or amps (A), and resistance in ohms (0). A resistor 
is the only element that impedes the flow of electrons in a de circuit. In ac theory, 
where the frequency is non-zero, the analogous equation is: 
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E =I Z (2) 
As in Equation 1, E and I are here defined as potential and current, respectively. Z 
is defined as impedance, the ac equivalent of resistance. hnpedance values are 
also measured in ohms (Q). In addition to resistors, capacitors and inductors 
impede the flow of electrons in ac circuits. Figure 1 show a typical plot of a 
voltage sine wave (E) applied across a given circuit and the resultant ac current 
Waveform. Note that the two traces are different not only in amplitude, but are 
also shifted in time. 
Time 
' I ' l~~~~-~~~-~,~~. ,. __ ,, .. ,~.~~ .... ~~-··-··~.~·.----~J 
Figure 2.5: AC Waveforms for an Applied Potential and a Resulting Current. 
What is Impedance? The terms resistance and impedance both denote an 
opposition to the flow of electrons or current. In direct current circuits, only 
resistors produce this effect. However, in alternation current (ac) circuits, two 
other circuit elements, capacitors and inductors, impede the flow of electrons. 
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2.7.1 Data Presenting: 
The electrochemical impedance spectroscopy are presented as below: 
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Figure 2.6: Format for evaluating electrochemical impedance data, the 
Nyquist plot. 




Figure 2.7: Bode Plot for a Simple Electrochemical System Evaluating 
Capacitance 
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2.8 Factors Affecting C02 Corrosion 
Vengkatasubramaniyan (2009) mentioned that there are several environmental 
factors which affect the formation of corrosion product scales on the surface of the 
metal, which in turn affect the corrosion rate of the metal. The factors include pH, 
hydrodynamics, partial pressure of C02 , temperature and concentration of Fe 2+ 
ions. He described as below: 
2.8.1 Effect of pH 
In increase in pH of the bulk solution decreases the solubility of iron carbonate 
and increases the precipitation rate, thereby increasing the rate of formation of the 
protective iron carbonate layer. The increase in concentration of H 2 C 0 3 and 
HC03 ions with increasing pH increases the overall rate of cathodic process until 
the iron carbonate layer formed as a result of anodic process reaches its critical 
thickness. Honarvar (2010) mentioned that raising the pH increased the 
compactness of the layer, while the most compactness was seen at pH 6.5 for both 
of any temperatures. 
2.8.2 Effect of temperature 
Increasing the temperature initially increases the rate of corrosion until a critical 
temperature is reached at 30' C. Beyond the critical temperature, the precipitation 
of an iron carbonates film starts which reduce the corrosion rate of the metal by 
acting as a diffusion barrier. At low pH when the protective film does not form, 
the corrosion rate increases with increasing temperature. Increasing the 
temperature will increase the rate of precipitation and enables the formation of 
protective iron carbonate films and decreases the corrosion rate. Honarvar (20 1 0) 
results show that the thickness of FeC03 layer increased with increasing 
temperature. Therefore, it could be concluded that the optimum conditions for 
producing a compact and thick layer of FeC03 was obtained at temperature of 




3.1 Methodology chart 
Figure 3 .I shows the flow of this project: 
Annealing to residual stress 
Ultrasonic cleaning remove contaminants 
Figure 3.1; Flow of Project 
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3.2 Materials 
The material used in this study was X 52 carbon steel \\ith chemical composition 
listed as in table 3.1: 
Table 3.1: X-52 Compositions 
-
Steel c Mn Si s 
r-
X-52 0.16 0.36 .0.3 1 0. 0061 ~.0171 ~~1 I ;_~1 I ~~2 I ~~3 l 
t. Grmding and Polishing 
The samples were machined usmg diamond saw into the form of blocks of I 0 mm 
x 10 mm x 10 mm as shown in figure 3.2. Before nitriding, the X-52 carbon steel 
samples were pretreated prior to the experiment by grinding with emergy paper 
SiC ( 120, 600, 800, 1200) to produce a fine surface finishing and then manually 
polished by diamond paste ( 6 ~un and 0.25 ~m) to produce a fine surface 
finishing 
Figure 3.2: The prepared samples 
ii. Annealmg 
Anneahng is to remove residuai stress after machimng. The samples were 
annealed for one hour. The temperature rise IS 5 C for every 1 minute. After I 
hour of annealing, the samples left for furnace cooling at about 180°C. 
16 
iii. Ultrasonrc Cleaning 
The samples were dehJTeased in acetone Ill ultrasomc bath for about I 0 minutes 
and dried at room temperature before use 
3.3 Nitriding process setup and method 
The samples were gas nitrided using hor11ontal carbolite tube furnace. A 
schematic representation of the experimental set-up is shown in figure 3.3. The 
experiment producers for nitriding arc descnbed below. 
1 \K~ !.t ill ,1( 
tilkd \\ 1Ch ~pe.:in~ns 
FUI llilct 
tO\\ ~r 
Figure 3.3: Schematic representation of the nitriding experiment by Basu 
(2008) 
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Figure 3.4: Gas nitriding setup in laboratory 
2. The flow meters were calibrated according to the required amount of flow for 
each gas. The type of flow meter used was Aalborg Command Module for 
AFC 26. The total flow rate was 2000 mVmin. The amount of flow for each 
gas shown in table 3.2. 
Table 3.2: Gas flow rate 
TypeofGas Percel!tage 0/o Flow Rate, mVmin 
Ammonia, 50 1000 
Nitrogen 50 1000 
3. After ultrasonic cleaning, the samples were placed on an alumina block before 
putting inside the furnace. 
4. For the ftrSt experiment, the samples were nitrided at 450°C. 
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5. Gas mtrogen purged into the furnace for 30 minutes to allow the furnace to 
become inert. The flow rate of the nitrogen was 2000 mllmm (free from any 
other gases). After that, gas mtrogen and ammoma purged simultaneously with 
the above flow rate. 
6. The heating rate depends on the mtnding temperature. The heating period was 
20 minutes. Example: For nitridmg temperature of 450 °C, the heating rate is 
22.5 °C min. 
7. After the required nitriding temperature attained, th1s temperature was set to 
be constant for 8 hours. 
8. After 8 hours of nitriding, the samples were slow cooled in the furnace before 
removed 
9. The steps 1-8 were repeated for all the other nitriding temperatures as shown 
in table 3 3. 
Table 3.3: Test Matrix for Gas Nitriding 
~ Sample 1 Sample 2 Sample 3 s 
Temperature, °C 450 480 520 
Gas composition N2/ NH3 ,% 50/50 50150 50/50 
Time, hours 8 8 8 
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3.4 Characterization 
I. X-ray diffraction (XRD) 
After gas nitridmg, samples were studted by X-ray diffraction analysis to confinn 
the micro structural evolution 111 terms of identttication of phases of nitride layer 
and the composition of layer. The measurements were made usmg x-ray 
diffractometer. Measurement made in the scan range 2 to so· with step size O.os·. 
2. Scanning Electron Microscope (SEM) 
This testing will be able to tind information about the sample surface topography 
and composition by the cross section of the sample. 
3.5 Corrosion setup and methods 
The electrochemical characterization was carried out by potentiodynamic 
polarization connected to a standard three electrode cell comprising the working 
electrode, reference electrode and counter electrode. The procedures were: 
1. Solution medium of sodium chlonde 3% prepared by mixing 30g of sodium 
chloride into 1 liter of distilled water 
2. The solution prepared saturated with C02 by purgmg for at least one hour 
prior to exposure of electrode. The pH value ts checked by microcomputer 
pH-meter. The indication of the cell is saturated wtth carbon dioxide can be 
tested wtth the pH meter 
3. The electrochemical measurements are based on a three-electrode system, 
using a commercially available potentiostat with a computer control system . 
. 
The potentiostat used was ACM Instruments. The reference electrode used 
was a silver chloride (AgCI) electrode and the auxiliary electrode was a 
platmum electrode. The workmg electrode consists of samples of different 
nitriding temperature. The area exposed to the solution was 0.1 em 2 . 
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4. The first experiment was conducted at 25°C and acet1c acid was not added to 
maintain the pH of 4. The \vorkmg electrode used was untreated X-52 carbon 
steel. Pnor to the immersiOn of the specimen. 1t IS degreased with acetone and 
rinsed with distilled water. 
5. Once the chemicals and electrodes added into the solution, the data 
acquisition system accessed from the computer connected to the ACM 
instruments Version 5, run Gill 12 Weld Tester Senal No. 1350 Sequencer 
and the Core Running software 
6. All the parameters set for the measurement of the experiment keyed into the 
the Sequencer software. The experiment duration was set 1 hour. 
7. The ACM instruments run and data gathered automatically into the ACM 
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Figure 3.5: Laboratory setup of the flat cell used for polarization 
resistance 
8. The test matrix is shown in table 3.4: 
Table 3.4: Test Matrix for corrosion experiment 
9. The impedance data were analyzed and simulated using software NOV A. 




RESULTS AND DISCUSSIONS 
4.1 Nitriding characterization 
Phase evolutiOns for nitrided samples were characterized by X-ray diffraction 
(XRD) analysis. While as received sample showed only Fe peak, XRD patterns of 
gas nitrided samples recorded number of peaks due to different nitriding 
temperatures. Figure 4.1 show the XRD profile of as received and gas nitrided 
samples treated at different temperatures for 8 hours. 
4.1.1 Effects of nitriding temperature on microstructure and phase 
From the above graphs, iron mtride fmmed at 450°C 480°C and 520°C. The 
comparison between the untreated sample and nitride samples shows some 
shifting of the peaks as a result of lattice distortion According to previous 
investigation, the 'shifting' means there are formations of new phases as a result of 
nitrogen diffusion. It has been proven from the previous investigation that the 
nitride volume fraction increases with nitriding temperature. 
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Figure 4.1: XRD profile for untreated and gas nitrided X-52 carbon steel for 8 boors at different temperatures. 
4.2 Microscopic Observations in Diffusion zone 
The microstructure of untreated and nitrided X-52 carbon steels sample surfaces 
observed under the scanning microscopes are shown in figure 4.2 to figure 
4.4.Surface exposed to a nitriding medium will generall)' form two distinct layers. 
The outside layer is called a compound layer (or white layer) and its thickness 
generally falls between zero and 0.001" (25 J.11t1 ). Underneath the white layer is 
the diffusion case or diffusion zone. Both together comprise what is generally 
referred to as the case. Below the compound layer, the diffusion zone is formed 
composing stable nitrides comprising alloying elements. These strong nitride 
forming elements are the major nitride forming elements. 
• I Carbon 
• Nitrogenn 
Figure 4.2: Scanning electron microscopes shows the cross section of nitrided 
layer formed by nitriding X-52 carbon steel at 450°C for 8 hours 
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Figure 4.3: Scanning electron microscopes sbows tbe cross section of nitrided 
layer formed by nitriding X-52 carbon steel at 480°C for 8 boors. 
• I Carbon 
0 I Nitrogen 
Figure 4.4: Scanning electron microscopes sbows tbe cross section of nitrided 
layer formed by nitriding X-52 carbon steel at 520°C for 8 boors. 
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4.2.1 Effect of nitriding temperature on nitrogen diffusion 
The extent of nitrogen diffusion can be observed from the figure 4 I above. The 
increase in the carbon composition for all mtnding temperature shows that carbon 
penetrated the oute1most layer, probabl} 111 mterstitial sites of the metallic network 
or in micro cracks resulting from the mtnding temperature. 
Other element that present in the sample nitnded at 450°C was chromium. For 
samples nitrided at 480°C and 520°C, other elements that present m the sample 
were iron, manganese, chromium, vanadwm, molybdenum, niobium and cobalt. 
These elements form hard and stable nitndes as soon as they come mto contact 
with nitrogen atoms at the surface of the work piece. 
SEM data confirm that the nitrogen diffusiOn presence in the all nitrided samples 
which are 450°C, 480°C and 520°C. The intensity of nitrogen mcreases with 
nitriding temperatures. 
4.3 Linear Polarization Resistance (LPR) 
The aim of this investigation was to detcnnine the mfluence of the gas nitriding on 
the electrochemical behaviors of X-52 carbon steel in 3~·o NaCl. Linear 
polarization resistance measurement consist of the results for the system of 3% 
NaCl at 25°C with 0 ppm of acetic acid and system of 3% NaCl at 25°C with I 00 
ppm of acetic acid. The result for each expenment can be seen from all the figures 
below. 
4.3.1 The systems of 3% NaCl solution at 25°C with 0 ppm acetic acid 
Figure 4.5 shows the coiTosion rate for untreated X-52 carbon steel and nitrided 
X-52 carbon steels at 450°C, 480°C and 520°C for the system of 3 % NaCl at 
25°C with Oppm of citric acid. All these systems have pH 4. All the expenments 
were conducted for 1 hour with one reading taken in every 15 minutes. The 
corrosion rate indicated below is the result of the last reading for each experiment 
which is after I hour. 
26 
1.2 -.----------------------, 
: • 1.0 ... 
Nitrided 450C 
.........-Nitrided 480C 
0.2 - Nitrlded 520C 
0.0 +---------.----~-----.---------! 
0 900 Thne (s) 1800 2700 
Figure 4.5: Comparison between all the measured corrosion rate for the 
system of3%, NaCI (25°C) with 0 ppm acetic acid in C02 environment 
From the Figure 4.5 above, there are four plots of lines which are corrosion rate 
for untreated and nitrided X-52 carbon steel in 3% NaCI solution (25°C) with 0 
ppm of acetic acid in carbon dioxide environment. There is huge decrement in the 
corrosion rate for sample nitrided at 450°C and 480°C. For sample nitrided at 
450°C, the mean corrosion rate decreased from 0.74 mm/year to 0.60 mrnlyear. 
For sample nitrided at 480°C, the mean corrosion rate decrease from 0.74 
mmlyear to 0.47 mrnlyear. Mean corrosion rate for sample nitrided at 520°C is 
higher than untreated sample. The corrosion rate increased from 0. 74 mm/year to 
0.97 mm/year 
4.3.2 The systems ofJ•;. NaCI solution at 25°C with 100 ppm acetic acid 
From Figure 4.6 shows the corrosion rate for untreated X-52 carbon steel and 
nitrided X-52 carbon steels at 450°C, 480°C and 520°C for the system of 3 % 
NaCI at 25°C with 100 ppm of acetic acid. All these systems have pH 3.All the 
experiments were conducted for I hour with one reading taken in every 15 
minutes. The corrosion rate is the result of the last reading for each experiment 
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Figure 4.6: Comparison between all the measured corrosion rates for the 
system of3% NaCI (25°C) withlOO ppm acetic acid in C02 environment 
From the Figure 4.6 above, there are four plots of lines which are untreated 
corrosion rate and corrosion rate for X-52 carbon steels at different nitriding 
temperature in 3% NaCJ solution with temperature 25°C and 1 00 ppm of acetic 
acid in carbon dioxide environment. Mean corrosion rate for all the samples 
higher than untreated sample. At 450°C, the corrosion rate happen is similar as the 
untreated sample which is 4.1 rnrnlyear. For nitriding temperature of 480°C, the 
corrosion rate increase from 4.1 mm/year to 4.6 mm/year. At nitriding temperature 
of 520°C, the corrosion rate increased from 4.1 mm/year to 6.2 mm/year. 
4.3.3 The efficiency result for each system with the current densities, I corr' 
corrosion potential, E corr and corrosion rate. 
The effect of nitriding temperature on the corrosion behavior of gas nitrided steel 
is presented in table 4.1 and table 4.2. The values of associated electrochemical 
parameters such as corrosion potential (Ecorr ), corrosion current density ( lcorr ), 
corrosion rate and efficiency are presented. It has been proven that gas nitriding 
treatment decreases lcorr significantly with increase of temperature in comparison 
with the untreated steel. The decrease in lcorr indicates that the incorporation of 
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nitrogen in the steel surface, which form dense layer after gas nitriding, can 
significantly improve corrosion characteristics. E (%) is calculated by I carr with 
the following equation: 
E (9£) = ~~orr: fcorr lOO 
Icon 
Where 1;orr and I carr are the corrosion current density values of untreated and 
gas nitrided carbon steel respectively. 
Table 4.1: Corrosion properties of untreated and gas nitrided samples with 0 
ppm of acetic acid in C02 environment 
Nitrided 450°C 498 0.05 0.61 17% 
Nitrided 480°C 647 0.04 0.47 33% 
Nitrided 520°C 312 0.09 1.06 -50% 
Table 4.2: Corrosion properties of untreated and gas nitrided samples with 
100 ppm of acetic acid in C02 environment 
Untreated 74 0.35 4.1 
Nitrided 73 0.35 4.1 
450°C 
Nitrided 66 0.36 4.60 -3 % 
480°C 
Nitrided 43 0.60 7.00 -70% 
520°C 
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4.3.4 The effect of nitriding temperature and solution pH on the corrosion 
rate 
At 0 ppm of acetic acid, the corrosion density for sample nitrided at 450°C and 
480°C decreased due to the fonnation of iron nitride which was proven in the 
XRD patterns and SEM analysis. This nitride layer protected the surface of the 
sample from further corrosion. For sample nitrided at 520°C, corrosion density 
increased compared to untreated sample. The drastic increase in the corrosion rate 
of the sample can be due to the uneven distribution of nitride layer on the surface. 
Furthermore, high porosity of the sample also can allow the movement of solution 
into the sample, and the corrosion reaction proceeds. At 1 OOppm of acetic acid, 
the efficiency of the nitride layer decreases. This can be due to the low pH. The 
nitride layer will dissolve in the acidic solution. In the absence of the protective 
film, the metal surface is in direct contact with the acid solution, and the corrosion 
reaction proceeds at a greater rate than it does at higher pH values. Furthermore, it 
can be concluded that addition of acetic acid can increase corrosion rate due to 
decrease in the pH of the solution. 
4.4 Electrochemical Impedance Spectroscopy (EIS) 
The corrosion behavior of untreated and gas nitrided X-52 carbon steel in 3% 
NaCI solution of C02 environment was also investigated by the electrochemical 
impedance spectroscopy (EIS) at 25°C. The simulation for the EIS was completed 
using software Nova. Nyquist plots of untreated and treated X-52 carbon steel at 
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Figure 4.7: Nyquist diagram for Untreated and Gas nitride X-52 carbon steel 
























Figure 4.8: Nyquist diagram for Untreated and Gas nitride X-52 carbon steel 
with 100 ppm of acetic acid in co2 environment 
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Figure 4.9, shows the electrical equivalent circuit employed to analyze the 
impedance spectra. In this equivalent circuit, ~!io is the solution resistance, ~c.t 
presents the charge transfer and CPE represents the capacitive element. Double 
layer capacitance, (cl.\ is not suitable for roughness and other in homogeneities of 
the metal surface. For this reason, the capacitance of the double layer at the 
metaVsolution interface is modeled by CPE (constant phase element) to 
compensate for non-homogeneity in the system. CPE is introduced to give more 
accurate fit. Excellent fit with this structural model was achieved for all 




Figure 4.9: Electrical equivalent circuit used for modeling the interface of X-
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Nyquist digram for nitrided carbon steel at 520 C in 3% 
NaCI (25 C) with 0 ppm acetic acid in carbon dioxiide 
environment 
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Figure 4.10: Comparison of the Nyquist diagram for Nitrided S20°C at 0 ppm 
acetic acid in c ~ ~ environment 
32 
4.4.1 The efficiency result for each system using AC Impedance 
The efficiency is calculated byE% using equation below where R:1 and Ret are the 
charge transfer resistance values of untreated and gas nitride X-52 carbon steel" 
In table 4.3 and 4.4, are show also the CPE parameters (A,n) and Ret : 
Table 4.3: Impedance parameters for untreated and gas nitride X-52 carbon 









0.0003 0.74 26% 
-27% 
Table 4.4: Impedance parameters for untreated and gas nitride X-52 carbon 









0.005 0.52 -150% 
0.004 0.88 -190% 
As it can be seen, the impedance response of carbon steel in sodium chloride lias 
significantly changed after gas nitriding and the impedance of the treated system 
increased with the increase in the nitriding temperature (until 480°C) for 0 ppm of 
acetic acid. 
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For system with 100 ppm of acetic acid, the impedance response decreased for all 
the samples. The efficiency of the sample decreased indicating that nitriding is not 
suitable for corrosive environment. 
4.4.2 The effect of nitriding temperature and pH effect on the corrosion rate 
At 0 ppm of acetic acid, corrosion rate for sample nitrided at 450°C and 480°C 
decreased. At 100 ppm of acetic acid, the corrosion rate increased drastically 
compared to the untreated sample except for sample nitrided at 450°C. This can be 
due to corrosive environment. The layer on the surface did not protect the sample 
but dissolve in the solution allowing the corrosion to happen. The efficiency 
calculated from EIS study show the same trend as those obtained from LPR. 
In the case of impedance study as expected the Ret values increased with the 
nitriding temperature until certain level. Inspection of these results at 0 ppm 
shows that the Ret vales obtained for nitrided samples at 450°C and 480°C greatly 
increased compared to that obtained for the non-treated samples, indicating a large 
increase in the protectiveness of the surface. This enhancement is caused by the 
formation of nitride phases on the steel surface. A large charge transfer resistance 
is associated with a slower corroding system. The result indicates that after gas 
nitriding, the nitride phases are formed on the steel surface to provide higher 
corrosion resistance. 
The capacitance value parameters related to the CPE parameters which is A and n. 
The relationship is: 
The increase of the values of n when comp"ared to non nitride and nitride samples 
can be explained due to the diffusion of nitrogen in the steel surface, forming a 
dense nitrided layer. 
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CHAPTERS 
CONCLUSION AND RECOMMENDATION 
5.1 Conclusion 
The objective of this project work as stated previously is to investigate the 
performance of different nitrided carbon steel in C02 environment. The properties 
of gas nitrided layers are evaluated in the context of gas nitriding temperature. It is 
proven that nitride layer formed on sample nitrided at 450°C, 480°C and 520°C 
from the XRD pattern and SEM pictures. At ph 4, corrosion rate of sample 
nitrided at 450°C and 480°C decreases. The highest corrosion rate recorded for 
sample nitrided at 520°C. This may be due to the poor surface preparation of the 
sample and uneven nitride layer fails to protect the sample. The metal in contact 
with acid solution results in high corrosion rate. At pH 3, the corrosion rates of 
sample nitrided at 480°C and 520°C higher than untreated sample. For the sample 
nitrided at 450°C, the corrosion rate was similar as the untreated sample. The 
slight decrease and increase in the corrosion rate at pH 3 indicate that the presence 
of nitriding layer was detrimentaL This negative effect can be linked to porous 
nitriding layer that lead to galvanic coupling between the nitriding layer and bare 
metal. Further studies need to be conducted to confirm this possibility. 
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5.2 Recommendation 
The recommendation 1s to further investigate the effect of other nitriding 
conditions which are time and gas composition on the corrosion rate of carbon 
steel in C02 environment. Time and gas composition are the two important factors 
that detem1ine the volume fraction of nitride layer. The experiment also can be 
repeated for different nitriding temperatures. 
Using the same nitrided samples in this project, the time for the corrosion testing 
can be increased. In this project, the corrosion data were recorded only for one 
hour. Further data can show the trend of the corrosion rate clearly and better 
conclusion can be made. 
Other parameters that affect corrosion rate are temperature, partial pressure and 
pH. The variation of these parameters during corrosion testing can show the 
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1. The systems of 3%NaCI solution with 25°C and Oppm citric acid 
Table 1: LPR result for untreated sample 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm') (mAicm') (mm/year) (mV) 
0 283.65 0.0919664 1.0658 -234.44 
900 295.19 0.0883728 1.0242 -243.53 
1800 299.7 0.087041 1.0088 -252.93 
2700 311.5 0.0837443 0.9705961 -265.05 
Table 2: LPR Result for samples nitrided at 450°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm') (mA/cm') (mm/year) (mV) 
0 464.86 0.056117 0.6503956 -573.24 
900 519.37 0.0502278 0.58214 -610.63 
1800 484.21 0.0538747 0.6244075 -636.06 
2700 497.99 0.0523845 0.6071358 -278.19 
Table 3: LPR result for samples nitride at 480°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm') (mAicm') (mm/year) (mV) 
0 735.73 0.035457 0.4109469 -169.73 
900 750.95 0.0347386 0.4026202 -171.48 
1800 533.65 0.0488837 0.5665622 -172.83 
2700 646.76 0.0403342 0.4674739 -176.77 
Table .4: LPR result for sample nitride at 520°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm') (mA/cm') (mm/year) (mV) 
0 287.58 0.0907108 1.0513 -497.87 
900 314.04 0.0830675 0.9627528 -498.87 
1800 302.22 0.0863161 1.0004 -497.58 
2700 284.6 0.0916606 1.0623 -498.86 
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2. The systems of 3%NaCI solution with 25°C and 100 ppm acetic acid 
Table 5: LPR result for untreated sample 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm2 ) (mNcm 2 ) (mm/year) (mV) 
0 58.468 0.4461713 5.1711 -312.7 
900 66.696 0.3911282 4.5331 -328.08 
1800 75.848 0.343934 3.9861 -342.31 
2700 73.634 0.3542749 4.106 -347.26 
Table 6: LPR Result for samples nitrided at 450°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm 2 ) (mNcm 2 ) (mm/year) (mV) 
0 72.731 0.3586767 4.157 -428.25 
900 119.58 0.218152 2.5283 -431.26 
1800 120.48 0.2165111 2.5093 -428.56 
2700 73.019 0.3572616 4.1406 -330.86 
Table 7: LPR Result for samples nitrided at 480°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm2 ) (mNcm 2 ) (mm/year) (mV) 
0 124.22 0.2100042 2.4339 -621.81 
900 81.262 0.3210228 3.7206 -645.2 
1800 79.035 0.3300677 3.8254 -646.8 
2700 65.78 0.3965758 4.5963 -648.81 
Table 8: LPR Result for samples nitrided at 520°C 
Time LPR lcorr Corrosion Rate Potential 
(Sec) (ohm.cm;!) (mNcm 2 ) (mm/vear) (mV) 
0 43.604 0.5982608 6.9338 -350.52 
900 46.342 0.5629203 6.5242 -361.59 
1800 43.86 0.5947668 6.8933 -366.63 
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